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ABSTRACT 
 
 
Currently there are nearly 2 million people living with limb loss in the United States [1]. Many of 
these individuals are either transtibial (below knee) or transfemoral (above knee) amputees and require an 
ankle-foot prosthesis for basic mobility. While there are an abundance of options available for individuals 
who require an ankle-foot prosthesis, these options fail to mimic an intact ankle when it comes to key 
evaluation criteria such as range of motion, push-off force, and roll over shape. The roll over shape is 
created by plotting the center of pressure during a step in a shank-based coordinate system. To address the 
need for a prosthesis that effectively replaces the ankle's contribution to an able-bodied gait, a biomimetic 
approach is taken in the design the Compliant & Articulating Prosthetic Ankle (CAPA) foot. The passive 
CAPA foot consists of four components connected by torsion springs representing the Phalanges, 
Metatarsal bones, Talus, and Calcaneus.  Biomimetic functionality is exhibited by CAPA foot with 
regards to the roll over shape and a linear relationship between moment exerted and ankle angle, 
distinguishing the CAPA foot from other ankle-foot prostheses. A mathematical model of the CAPA foot 
is created to determine the roll over shape a specific CAPA foot geometry would produce and support 
eventual customization of the 3D printed components.  
The mathematical model is used to optimize the design to two distinctly different roll over 
shapes, one with a rocker radius closer to that of the Talus bone and the other closer to the energetically 
advantageous value of 0.3 times leg length [2, 3]. Compliant and stiff versions of the two CAPA feet were 
compared to a conventional Solid Articulating Cushioned Heel (SACH) foot and a passive dynamic 
response foot (Renegade® AT produced by Freedom Innovations). Ten able bodied subjects walked on 
the Computer Assisted Rehabilitation Environment normally, and then with a transfemoral prosthetic 
viii 
simulator. The study was separated into two experiments. For the second experiment (subjects 6-10), the 
versions of the CAPA foot had pretension in the dorsiflexion springs. 
 Overall the ankle angles and sagittal plane ground reaction forces of the CAPA foot better 
mimicked an intact ankle-foot than the existing passive ankle-foot prostheses. Added pretension increased 
the sagittal plane ground reaction forces and roll over shape radius of curvature and arc length. Nine out 
of ten participants preferred the CAPA foot and there was a statistical significant difference (F=14.2, 
p<0.01) between the difficulty level rating given for trials with the CAPA foot versus the existing ankle-
foot prostheses. The mathematical model is found to be capable of accurately predicting experimental roll 
over shape trends and the concept of roll over shape based design is demonstrated. Successful aspects of 
the CAPA foot can be applied to other ankle-foot prosthesis. The CAPA foot could provide a passive, 
cheap, and personalizable ankle-foot prosthesis that improves mobility the quality of life for individual’s 
lacking an intact ankle.  
	
CHAPTER 1: INTRODUCTION
In 1983 the Flex-Foot R dramatically changed the field of prosthetics by introducing a stiff plastic
board that flexes during gait to provide energy return [5]. The stiff plastic board became the mainstay of
successful ankle-foot prosthesis. However, our understanding of the human gait has improved immensely
since the discovery of the roll over shape in 2000 [6]. For the design of the Compliant & Articulating
Prosthetic Ankle (CAPA) foot, the author relies on an improved understanding of human gait to take a more
biomimetic and radically different approach to prosthetic design. Improvements in ankle-foot prostheses can
ultimately improve the quality of life for individuals living with limb loss. It is estimated that the number
of individuals in the United States living with limb loss will increase to 3.6 million by year 2050, largely
due to an increase in dysvascular conditions [1]. Many of these individuals will be either transtibial (below
knee) or transfemoral (above knee) amputees and require an ankle-foot prosthesis for basic mobility.
The CAPA foot was inspired by the anatomy and functionality of a human ankle-foot in order to
mimic the kinematics, kinetics, and roll over shape of an intact ankle. It provides full range of motion and
no more, braking and push-off forces that increase linearly with the ankle angle, and can be controlled by
the stiffness of replaceable torsion springs. Made possible by the linearity and simplicity of the design, a
mathematical model is created to predict the roll over shape that any particular version of the CAPA foot
would create. The mathematical model is used to optimize geometric parameters in the CAPA foot design to
specific roll over shapes. The resulting components are 3D printed. The aspects of the design of the CAPA
foot that distinguish it from other passive ankle-foot prostheses are the structure, linearity between angle
and moment, and roll over shape based design.
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The mathematical model is used to create two CAPA feet with distinctly different roll over shapes.
The first has been optimized to exhibit an able-bodied roll over shape with a rocker radius closer to that
of the Talus bone [7]. The second has been optimized to have roll over shape characteristics that have
been shown to be indicative of a healthier roll over shape with a rocker radius closer to the energetically
advantageous value of 0.3 times leg length [2, 3]. A study was conducted with ten able-bodied subjects
wearing a prosthetic simulator in the Computer Assisted Rehabilitation Environment (CAREN) to compare
these two feet to two existing prosthetic feet, a conventional Solid Articulating Cushioned Heel (SACH) foot
and a passive dynamic response foot, the Renegade R AT produced by Freedom Innovations. The results
from the experiment will determine the effectiveness of this approach to designing ankle-foot prostheses.
The ankle angles, ground reaction forces, and roll over shapes of the intact ankle-foot, SACH foot,
Renegade R AT, and four versions of the CAPA foot (CAPA-foot-small-radius-compliant, CAPA-foot-small-
radius-stiff, CAPA-foot-large-radius-compliant, and CAPA-foot-large-radius-stiff) were evaluated. Partic-
ipants provided their individual preference, comments, and difficulty level ratings. The experimental data
was used in combination with the mathematical model to provide the contribution of the CAPA foot to the
ground reaction forces for each trial and to compare the calculated and experimental roll over shapes. The
study was separated into two experiments. Subjects 6-10 used the version of the CAPA foot with added
dorsiflexion pretension. The experiment 2 version of the CAPA foot provided more push-off forces and
increased standing stability. The results and main contributions of this study are discussed.
This thesis consists of chapters for the Introduction, Background, Design, Methods, Results, Dis-
cussion, and Conclusion. The Chapter 2: Background outlines information relevant to understanding the
content and significance of this thesis. Chapter 3: Design begins by defining the “ideal” ankle-foot prosthe-
sis and proceeds to explain the mathematical model, the design process, and final designs of the CAPA foot.
Chapter 4: Methods includes the experimental procedure and Chapter 5: Results explains the ankle angle,
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ground reaction force, and roll over shape results. The results and implications are explained in Chapter 6:
Discussion. The thesis concludes with Chapter 7: Conclusions.
1.1 Main Contributions
The main contribution of this thesis is the design and testing of a novel ankle-foot prosthesis and
corresponding mathematical model that
• applies the concept of roll over shape based design,
• passively provides a linear relationship between ankle angle and force,
• shows improvement over existing passive ankle-foot prosthesis for individual preference, difficulty
level, and stability, and
• is easily customizable to the individual and speed.
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CHAPTER 2: BACKGROUND
Portions of this section were published in the ASME’s 2017 International Mechanical Engineering
Congress and Exposition (IMECE) [8]. Copyright permission is given in Appendix A.
2.1 Conventional and Dynamic Response Ankle-Foot Prostheses
The simplest type of ankle-foot prosthesis is the conventional non-articulating SACH (Solid Ankle
Cushioned Heel) foot shown in Figure 1. The SACH foot is able to closely resemble the shape of an actual
foot and provides the user with some cushioning during movement. However, it is unable to provide the
range of motion and energy return of an intact ankle [9]. Regardless, many less active amputees prefer the
SACH foot because of the greater control it gives the amputee [10].
Figure 1: Solid Articulating Cushioned Heel (SACH) foot.
Unlike the SACH foot, the dynamic response ankle-foot shown in Figure 2 stores energy during
the beginning of the gait cycle and uses the stored energy to propel the foot forward [11]. Also called ESR
for Energy Storing and Returning, the energy storage mechanism of the dynamic response ankle-foot is
similar to the role of the Achilles tendon. During gait, the Achilles tendon is stretched and stores potential
energy that is released during push-off [12]. The energy storage mechanism in dynamic response feet are
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typically primarily weight activated. This means the prosthetic will store energy while the individual is
standing unlike an able-bodied ankle. Despite this difference, the dynamic response ankle-foot provides
some resistance to movement similar to that of an intact ankle [12].
Figure 2: The Renegade R  AT produced by Freedom Innovations. It is a type of ESR foot.
2.2 Active Prostheses
Dynamic response feet can be further classified as either passive or active (microprocessors). Be-
cause the energy produced by the ankle joint during average walking speeds is almost completely self-
sustaining with no net external energy loss, there is the potential for a purely mechanical mechanism such
as the dynamic response ankle to generate the forward motion necessary for an able-bodied gait [13]. How-
ever, for speeds faster than normal walking, passive systems are not capable of fully emulating an intact
ankle because a positive net external energy is produced by the ankle [13, 14]. The use of an active ankle-
foot prosthesis for faster speeds may be necessary in the future, but current design limitations make this
application less than ideal. An active ankle-foot prosthesis can be over twice as heavy as a conventional
prosthesis, are expensive, and experience hardware and control issues adjusting to different speeds [15, 16].
Fundamentally, active prosthetic ankle-feet operate using preplanned kinematic trajectories as opposed to
the impedance control mechanism of a human ankle [17]. Finally, while still operating as an ESR system,
active ankle-foot prostheses are difficult to customize or match biomimetically in size and weight [18]. For
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these reasons, this thesis focuses on designing a passive dynamic response ankle-foot prosthesis. However,
the results could be used to inform active prosthetic design as well.
2.3 Push-off vs. Range of Motion
The amount of energy stored in the prosthesis is dependent on the stiffness. Increasing the stiffness
will increase the propulsion forces, however, it simultaneously decreases the range of motion (ROM) of
the ankle [19, 20, 21]. The ankle joint has a ROM from about 45  plantar flexion to 20  dorsiflexion [22].
Forced to make a choice between propulsion forces and range of motion, many ankle-foot prostheses have
only been designed for the ROM that is experienced during gait on an even surface, a value of no more
than 30  [23]. While this may seem sufficient as the ROM of the ankle remains consistent with changes
in speed [24], a study looking at individuals with limited ankle ROM due to a sprain showed that ankle
ROM does impact gait symmetry in regards to step length and step time [25]. Additionally, ankle ROM is
important for walking on sloped surfaces as it helps accommodate for movement about different equilibrium
positions [26, 27].
While both the kinematics and kinetics of an intact ankle are important to its functionality, so far it
has been impossible for a passive prosthetic ankle-foot to mimic both. There exists a discrepancy between
design changes that improve the kinematics and kinetics. The effect of increasing stiffness is an example of
this discrepancy [19, 20, 21]. In an able-bodied ankle, the relationship between angle and push-off moment
is linear [13, 28]. However, most prostheses are built with a stiff plastic board that resembles a cantilever
beam. A rudimentary knowledge of cantilever beams tells us that the linear relationship between deflection
and force is restricted to small deflections and much less than the ankle angle experienced by an able-bodied
individual. The stiffness of the foot also impacts the location of the ground reaction forces, and therefore,
the rollover shape as discussed in section 2.4 [29]. Olesnavage and Winter noticed this effect and suggested
the use of a rigid constraint to prevent the foot from over-deflecting [29].
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Recent research in active prostheses has been able to demonstrate the effectiveness of applying a
torque that is linear with ankle angle in single subject experiments in a lab environment. Caputo and Collins
used a Universal Ankle-Foot Prosthesis Emulator that determined the desired torque by a piecewise linear
function in 2014 [30]. A team at the Robotics and Multibody Mechanics Research Group at the Vrije
Universiteit Brussel is making progress in mimicking both kinematics and kinetics in the development of
the actuated prosthetic AMP-Foot. Although not explicitly stated, one of the major changes between the
AMP-Foot 2.0 tested in 2014 [31] and the AMP-Foot 3.0 in 2016 [32] was a linear relationship between
torque and ankle during initial contact to flat foot. The change resulted an a curve that better mimics an
intact ankle as provided by Winter’s data and an extra 5 Joules of energy storage [32]. It is interesting to
note that the strategy used in the design of active prosthetics to achieve both push-off and range of motion
in fast walking speeds is to effectively increase stiffness with ankle angle [15]. While this strategy has been
applied to the design a quasi-passive prosthetic ankle-foot that increases the stiffness with ankle angle using
a cam-based transmission and an active sliding support beneath the leaf spring [33], the strategy cannot be
used in a completely passive prosthesis because it requires positive work to be done by the prosthetic, nor
should it be necessary for normal walking speeds [13].
2.4 Roll Over Shape
Hansen developed a characteristic of gait called the roll over shape that incorporates both the kine-
matics and kinetics [6]. The roll over shape is created by plotting the center of pressure during a step in
a shank-based coordinate system. Recent research, summarized by Hansen and Childress, has found that
“roll-over shapes in able-bodied subjects do not change appreciably for conditions of level ground walking,
including walking at different speeds, while carrying different amounts of weight, while wearing shoes of
different heel heights, or when wearing shoes with different rocker radii” [34]. This suggests that able-
bodied individuals will alter their ankle kinematics to preserve their roll-over shape. However, amputees do
not have the adaptive control that a able-bodied individual has over their roll-over shape. Therefore, the de-
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sign of the prosthetic predominantly controls the roll-over shape an amputee will produce. As a result, it has
become a method to evaluate prosthetics [6, 35, 36, 37]. However, while the roll over shape demonstrates
the relationship between kinematics and kinetics, it is not directly impacted by magnitude. Other evaluation
methods are necessary to determine the late stance push-off [38].
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CHAPTER 3: BIOMIMETIC DESIGN OF THE COMPLIANT AND ARTICULATING
PROSTHETIC ANKLE FOOT
This chapter outlines the process of designing an ankle-foot prosthesis that mimics the functionality
of the human ankle in the sagittal plane during gait. To achieve this goal, it is first important to understand
the role of the intact ankle during gait explained in section 3.1: Defining the “Ideal” Prosthetic Ankle. Next,
the design of the CAPA foot is summarized in section 3.2. The mathematical model that describes the move-
ment, forces, and the roll over shape the CAPA foot creates is explained in section 3.3. The mathematical
model is used to optimize the design for experimentation. The final designs used for experimentation is
presented in section 3.4.
3.1 Defining the “Ideal” Prosthetic Ankle
Human gait has evolved to maximize energy efficiency through adaptations such as beginning the
gait cycle with heel strike [39]. The role of the ankle joint is crucial to healthy and efficient gait. As
a result, individuals lacking an ankle consume over 20% more oxygen than able-bodied individuals [40].
The prospect of human augmentation has motivated prosthetic designs that sacrifice characteristics of the
evolved able-bodied ankle for enhanced functionality in a specific area. However, for unilateral amputees
in particular, any deviation in functionality from the able-bodied ankle causes gait asymmetry and requires
extra effort by the amputee to compensate. By taking a more biomimetic approach to the prosthetic design,
energy consumption required by amputees can be decreased and quality of life improved. Therefore, the
ideal prosthetic can be defined in its ability to replace the able-bodied limb in size, shape, and most impor-
tantly, functionality. Prosthetic ankles can be evaluated by their ability to mimic the behavior of an intact
ankle with regards to kinematics, kinetics, and roll over shape.
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In order to mimic the functionality of the ankle during gait, it is necessary to identify the characteris-
tics of an able-bodied gait that cannot be achieved without the ankle. Because the SACH foot provides very
little ankle functionality, the author compares the gait produced by the SACH foot and an able-bodied gait
to determine the role of the ankle joint during gait. Data was used from an experimental study conducted
by the author looking at the effect that knee height has on the gait of a transfemoral amputee [41]. Five
subjects were asked to walk at a self selected speed for two minutes and for at least one minute wearing the
prosthetic simulator with the SACH foot shown in section 4.3 Figure 16. The collected data are discussed
in Sections 3.1.2, 3.1.3, and 3.1.4 and shown in Figure 3, 4, 5 and 6.
3.1.1 The Gait Cycle
The gait cycle is used to describe and graph behavior during a typical step. The gait cycle begins
in stance phase by the heel initially striking the ground and exerting a braking force. The beginning 60%
of the gait cycle is stance phase where the foot is in contact with the ground. As the step and stance phase
proceeds, the foot becomes further dorsiflexed. In dorsiflexion the toes are pointed upward from the neutral
position. As stance phase ends, the foot pushes off to propel the individual forward. During push-off the
foot is in plantar flexion with the toes pointed downward. The gait cycle ends with swing phase to repeat
again when the heel is returned to the frontmost position and strikes the ground. The sagittal plane divides
the right and left hand sides of the body. Most of the analysis throughout this paper is performed in the
sagittal plane.
3.1.2 Kinematics
The kinematics of the ankle can be described by its angle during the gait cycle. The range of motion
of the ankle during gait on an even surface is no more than 30  and remains consistent with changes in
speed [23, 24]. The ankle angles shown in Figure 3 supports previous findings. However, the full range
of motion of the ankle joint is from about 45  plantar flexion to 20  dorsiflexion [22]. In conclusion, the
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“ideal” prosthetic ankle should have a range of motion of about 45  plantar flexion to 20  dorsiflexion but
exhibit a range of motion of less than 30  during gait [22, 23].
Figure 3: Right side angle ankles of able-bodied gait (left subplot) and individual wearing prosthetic simula-
tor on the right leg with SACH foot (right subplot). These results are from an experimental study performed
by the author on the effect of prosthetic knee height. Positive values indicate degrees dorsiflexion and nega-
tive values indicates degrees plantar flexion. The shaded areas represent half the standard deviation between
steps.
3.1.3 Kinetics
Figures 4 and 5 show the ground reaction forces at each subject’s normal walking speed plotted
against gait cycle in comparison with an individual wearing the prosthetic simulator with the SACH foot.
The maximum vertical forces of the able-bodied individuals in Figure 4 exhibit two distinctive peaks that are
not seen in the ground reaction forces for the SACH foot. The maximum push-off forces of the SACH foot
in Figure 5 are much less than that produced by an able-bodied gait. Some subjects are able to compensate
for the loss of the ankle’s contribution to push-off better than others. For example, Subject 4 has the lowest
maximum able-bodied push-off force and the highest maximum SACH foot push-off force. In contrast,
Subject 1 has the second highest maximum able-bodied push-off force and the lowest maximum SACH foot
push-off force.
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Figure 4: Right side vertical ground reaction forces of able-bodied gait (left subplot) and individual wearing
prosthetic simulator on the right leg with SACH foot (right subplot). These results are from an experimental
study performed by the author on the effect of prosthetic knee height. The forces are normalized by the
weight of the subject. The shaded areas represent half the standard deviation between steps.
Figure 5: Right side sagittal plane ground reaction forces of able-bodied gait (left subplot) and individual
wearing prosthetic simulator with SACH foot (right subplot) on right foot. These results are from an exper-
imental study performed by the author on the effect of prosthetic knee height. The forces are normalized by
the weight of the subject. The shaded areas represent half the standard deviation between steps.
3.1.4 Roll Over Shape
To establish the roll over shape of an able-bodied individual, the center of pressure is plotted in a
shank-based coordinate system during stance phase in Figure 6. Stance phase is established when over 50%
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percent of each subject’s body weight is on the right platform. The inverted pendulum model approximation
and a study of 16 subjects preformed by Mitchell et al. shows that the ideal roll over shape radius is ap-
proximately 20% body height [42]. As all five subjects were between 177-187cm in height, literature would
suggest the best fit radius to be 35.4-37.4cm. The roll over shape of the five able-bodied subjects shown in
in Figure 6 has a a best fit radius of 38.8cm and is consistent with the the study performed by Mitchell et
al. [42].
By comparing the roll over shapes of physically impaired and able bodied individuals, character-
istics such as a larger radius of curvature (R) [43], a longer arc length [44, 43], and a longer roll over
shape in the X-direction (EFL, Effective Foot Length) [45], have been determined to be preferable. Simi-
larly, a positive x-coordinate center of curvature (Xc) is an observable characteristic of able-bodied roll over
shapes [42, 46, 47] and better prosthetics [43, 35, 37]. S. Miff et al. found that a Xc behind the ankle occurs
during gait initiation, a Xc in front of the ankle occurs during gait termination, and the Xc is at a neutral
position during steady state gait. The roll over shape of ankle-foot prostheses that lack adequate push-off
prematurely curve upwards resulting in a smaller best fit radius, arc length, EFL, and center of curvature in
the horizontal direction (Xc) [46]. The center of curvature in the horizontal direction (Xc) of the roll over
shape of all five subjects shown in Figure 6 is positive as well with a value of 2.02cm, but smaller than the
center of curvature for the SACH foot roll over shape (29.3cm).
While the roll over shape is usually modeled as a circular arc, it has also been modeled as a second
order polynomial [48]. A second order polynomial was found to fit the roll over shape of the CAPA foot
better and used to determine the radius of curvature, Xc, and forward length in the x-direction in section 5.3.
3.2 The Compliant And Articulating Prosthetic Ankle Foot
The Compliant & Articulating Prosthetic Ankle (CAPA) foot was designed to emulate functionality
of an intact ankle and exhibit the kinematics, kinetics, and roll over shape of an able-bodied gait described in
section 3.1. The CAPA foot has a physical and functional resemblance to the intact ankle as described in sec-
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Figure 6: Right side roll over shapes of able-bodied gait (left subplot) and individual wearing prosthetic
simulator with SACH foot (right subplot) on the right foot. The best fit circle is given by the black line with
radius=388mm, Xc=20.2mm, and Yc=270mm for able-bodied gait (left) and radius=318mm, Xc=29.3mm,
and Yc=234mm for SACH foot (right subplot). The ankle marker is located at coordinate (0,0) with the
y-axis in line with the shank and the x-axis perpendicular to the shank. The forward position indicates the
x-coordinate of the center of pressure in the shank based coordinate system. The vertical position indicates
the y-coordinate of the center of pressure in the shank based coordinate system.
tion 3.2.1 and the other advantages such as cost, personalizable, and allowing for sloped walking described
in section 3.2.2. Portions of this section were published in the ASME’s 2017 International Mechanical
Engineering Congress and Exposition (IMECE) [8]. Copyright permission is given in Appendix A.
3.2.1 Description and Resemblance to Human Ankle
The CAPA foot is assembled from four articulated components as shown in Figure 7 and Figure 8
for the Phalanges (1), Metatarsal bones (2), Ankle (3), and Calcaneus (4). The relative motion of these
components allows for the CAPA foot to experience the full range of motion of the ankle joint in the sagittal
plane. Platforms prevent excess flexion for greater stability. The ankle component, location 3 in Figure 8,
has a rocker shape with a constant curvature. The rocker shape has been found to reduce the metabolic
cost of step-to-step transitions in inverted pendulum models [49]. Literature has indicated a rocker radius of
0.3 times leg length is energetically advantageous [2, 3], however, the Talus bone can be approximated as
having a constant curvature of 20-26.6mm in the sagittal place [7].
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Figure 7: A human ankle-foot compared to the CAPA foot to illustrate similarities [4]
The CAPA foot would be classified as a type of dynamic response foot as it stores potential energy
at the joints and releases that energy to assist in forward movement. Unlike the majority of current ankle-
foot systems that only mimic the energy storage and return that occurs in the Achilles tendon for plantar
flexion, the CAPA foot stores energy at each joint to mimic toe flexion at location 5 in Figure 8 and both
plantar flexion and dorsiflexion at location 6. The energy is stored using torsion springs at locations 5 and 6
in Figure 8. The arms of the torsion springs are slid into holes designed into the 3D printed toe, foot, ankle,
and heel components at locations 1-4 in Figure 8. During the unloading phase of an intact ankle, there is a
linear increase in the moment exerted by the ankle [13]. This can be emulated by a torsion spring because
the force exerted by a spring also follows a linear profile and the angular velocity of an ankle is constant
about a point [50]. Rubber was painted onto the bottom of the CAPA foot for traction shown by location 8
in Figure 8.
Figure 9 shows the relative motion of the components of the CAPA foot in stance phase for ex-
periment 1 (A) and experiment 2 (B). The difference between the experiment 1 and experiment 2 versions
of the CAPA foot is added pretension between in the ankle and foot components in its neutral orientation
during the gait cycle. The pretension makes the foot more stable while standing by making it harder for the
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Figure 8: CAPA foot first version. 1 -Toe/Phalanges 2 -Foot/Metatarsals 3 -Ankle 4 -Heel/Calcaneus 5 -
Two 1.18 N-m 180  steel torsion springs 6 -One 5.01N-m 120  steel torsion spring 7 -Carbon-fiber and
nylon composite pyramid 8 -Rubber coating. This image was published in the ASME’s 2017 Interna-
tional Mechanical Engineering Congress and Exposition (IMECE) [8]. Copyright permission is given in
Appendix A.
individual to fall forward. Also, unlike the experiment 1 version of the CAPA foot, the experiment 2 version
begins storing energy in the dorsiflexion springs at heel strike as opposed to when dorsiflexion begins.
3.2.2 Other Advantages: Cheap, Customizable, and Sloped Walking
Beyond the potential of the design to mimic an able-bodied gait, the application of 3D printing to
the design allows for the CAPA foot to be easily and cheaply customized to better fit individuals of different
sizes, natural gait patterns, and personal preferences. The design utilizes a rapidly advancing field and
models can be later made from different materials that are lighter, more durable, and stronger [51]. The
visual appeal of the CAPA foot can be optimized with 3D printing to avoid the uncanny valley and develop
a prosthetic that has both a large degree of human likeness and familiarity [52, 53].
The springs can be easily replaced, allowing the same ankle-foot prosthesis to accommodate differ-
ent applications or speeds. Each individual can adjust the stiffness to what would best reduce their metabolic
cost of walking. Optimizing the stiffness is important to provide a balance between the greater propulsive
forces provided by stiffer designs and the stabilization stiffer designs require [54]. Since the equivalent
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A. B. 
Heel Strike—15 Plantar Flexion  
Neutral Orientation 
10 Dorsiflexion  
Toe Off 
Figure 9: Movement of the CAPA foot beginning with heel strike (top) and proceeding downward through
stance phase to toe-off (bottom) for experiment 1 (A) and experiment 2 (B).
stiffness of the foot during dorsiflexion is different than plantar flexion [28], the CAPA foot allows each of
these stiffnesses to be personalized individually.
3.3 Mathematical Model
This section explains the mathematical model used to predict the roll over shape the CAPA foot will
produce and optimize the design. For the purpose of better understanding the model, it is helpful to think
of the CAPA foot as a rocker with two arms and a toe in the 2-dimensional sagittal plane. The first step to
calculating the roll over shape is to develop equations for the kinematics of the foot during a step. Using
the rotational velocity of the shank and the geometry of the foot at its neutral position, a series of kinematic
equations were developed to solve for the relative positions of all components during stance phase. When
the components are rotated, potential energy is stored in the springs. This creates a resultant force at the
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point of contact between the arm and the ground. The force distribution is used to find the center of pressure
during the step and then plot the roll over shape.
During the beginning of the gait cycle, the foot is in plantar flexion and the heel component is rotated
upward. For the first version of the CAPA foot, only the heel and rocker components are in contact with
the ground during plantar flexion. For the second version, the foot component is in contact with the ground
as well. Once the shank angle passes the vertical position, the CAPA foot dorsiflexes and only the foot and
the rocker is in contact with the ground. The arm geometry is the only difference between the kinematic
equations governing the rotation upward of the heel arm versus the foot arm. Therefore, the same kinematic
equations can be used. When solving for the ground reaction forces and force distribution, the stiffness of
the joint is also adjusted according to the spring constant. The contribution of the toe is disregarded in this
model.
3.3.1 Kinematic Equations
Points on the rocker and heel arm component can be connected by two loops of vectors as shown
in Figure 10. Many of these points and vectors can be considered fixed and part of either rigid body 1 or
2 circled in orange. Rigid body 2 will rotate about the ankle marker with the rotation velocity of the shank
labeled q˙ resulting in Equation 1. Rigid body 1 will rotate about the Rotational Center in Figure 10. Since
the ground is level, the points of contact between ground and both the arm and the rocker are constrained
in the y-direction. Geometrically fixed vector lengths and points are shown in black and unknown vector
lengths and angles are shown in blue. The fixed lengths and angles are shown in Table 1 with the angles
defined from the positive x-axis.
q˙ = q˙1 = q˙5 (1)
At every position of the CAPA foot, each of the two vector loops shown in Figure 10 must make
one full circle meaning that each vector sum must equal to 0 as given by the first line Tables 2 and 3. This
equation is expanded to solve for the relative positions and the velocities in the following rows of both tables.
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Figure 10: Visual representation of vector loops on the CAPA foot during a step. Geometrically fixed
vectors lengths and points are shown in black and unknown vector lengths and angles are shown in blue.
The angles defined from the positive x-axis. Rigid body 1 and 2 circled in orange represent the heel and
ankle component respectively.
Table 1: Fixed Geometric Parameters of CAPA Foot
r1 = Distance from the center of curvature of the rocker to the ankle marker
r2 = Radius of the rocker
r5 = Distance from the ankle marker to the arm center of rotation
r6 = Distance from the arm center of rotation to the point of contact with the ground
q2 =  90 
q4 = 90 
q3 = 0,180
q7 = 0,180
By applying the fixed geometries listed shown in Table 1 and Equation 1, the equations from Table 2
reduce to Equations 2 and 3 and the equations from Table 3 reduce to Equations 4 and 5.
r˙3 =
 r1q˙sin(q1)
cos(q3)
(2)
r˙4 = r1q˙cos(q1) (3)
q˙6 =
r5q˙cos(q5)+ r˙4
 r6sin(q6) (4)
r˙7 =
r5q˙sin(q5)+ r6q˙6sin(q6)
cos(q7)
(5)
Given the lengths of the vectors when the foot is in the neutral orientation, the vector velocities can be used
to solve for all remaining positions of the vectors. The same parameters are used in the ankle loop equations
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Table 2: Ankle Loop Equations
Vector Sum  !R1 = !R2+ !R3+ !R4
Position r1eiq¯1 = r1eiq¯1 + r¯3eiq3 + r¯4eiq4
X-Direction r1cos(q1) = r2cos(q2)+ r3cos(q3)+ r4cos(q4)
Y-Direction r1sin(q1) = r2sin(q2)+ r3sin(q3)+ r4sin(q4)
Velocity r1iq˙1eiq1 = 0+ r˙3eiq3 + r˙4eiq4
X-Direction  r1q˙sin(q1) = r˙3cos(q3)+ r˙4cos(q4)
Y-Direction r1q˙cos(q1) = r˙3sin(q3)+ r˙4sin(q4)
Table 3: Arm Loop Equations
Vector Sum 0= !R4+ !R5+ !R6+ !R7
Position r¯4eiq4 + r5eiq¯5 + r6eiq¯6 + r¯7eiq7 = 0
X-Direction r4cos(q4)+ r5cos(q5)+ r6cos(q6)+ r7cos(q7) = 0
Y-Direction r4sin(q4)+ r5sin(q5)+ r6sin(q6)+ r7sin(q7) = 0
Velocity r˙4eiq4 + r5iq˙5eiq5 + r6iq˙6eiq6 + r˙7eiq7 = 0
X-Direction r˙4cos(q4)  r5q˙sin(q5)  r6q˙sin(q6)+ r˙7cos(q7) = 0
Y-Direction r˙4sin(q4)+ r5q˙cos(q5)+ r6q˙cos(q6)+ r˙7sin(q7) = 0
given in Table 3 and Equations 4 and 5 to describe the movement of the rocker throughout the entire step.
However, different values for r5, r6, and q7 are used depending on the arm in contact with the ground. For
example, when the shank passes the vertical position, the heel arm is not in contact with the ground anymore
and there will be no resultant force between the heel arm and the ground. When the value of r3 equals zero
and the center of curvature crosses the ankle marker, the value of q3 switches between 0 and 180 degrees.
3.3.2 Roll Over Shape
When either of the arms are bent upward, the springs are compressed at an angle equal to the
difference between q6 and its initial value. The resultant force (Farm) given by Equation 6 will push against
the ground at the point of contact between the arm and the ground. The remaining forces (Frocker) will occur
at the point of contact between the rocker and the ground. To find Frocker, Farm is subtracted from the total
experimental ground reaction forces (Ftotal) shown in Equation 7. The difference between the x direction
location of the center of pressure and the ankle marker is given by Equation 8. Figure 11 shows forces acting
on the foot and the COP in both the lab-based coordinate system and the shank-based coordinate system.
These points are plotted to create the roll over shape.
Farm = K ⇤ (q˙6  q˙) where K=Spring constant (6)
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Frocker = Ftotal Farm where Ftotal is collected experimentally (7)
Xlab Xankle =  1Ftotal ⇤ [(Frockerr3cos(q3))+(Farmr7cos(q7))heel +(Farmr7cos(q7)) f oot ] (8)
Figure 11: The forces acting on the CAPA and the resulting center of pressure in the lab-based coordinate
system (orange) and the shank-based coordinate system (green)
3.3.3 Optimization
The mathematical model can be used to optimize the component geometries and stiffness of the
design that will produce the desired ground reaction forces and roll over shapes.
3.3.3.1 Stiffness
The role of the springs in the CAPA foot design is to mimic the energy storage and return function
of the ankle tendons and provide the required push-off force for forward motion. If the spring constant is too
small, the foot will not be able to produce the required push-off force to facilitate forward motion. On the
other hand, a spring constant that is too large requires the amputee to compensate for the extra forces and
affects stability. As a result, several studies have attempted to quantify the contribution of the ankle joint in
terms of a spring constant. The quasi-stiffness of the human ankle can be evaluated by measuring the slope of
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the ankle angle versus ankle moment graph. Data collected by Hansen found an equivalent quasi-stiffness
during dorsiflexion of approximately 5.7 N mkg rad [13] and Shamaei found an equivalent stiffness values of
3.38 N mkg rad during dorsiflexion and 2.09
N m
kg rad during plantar flexion at self selected walking speeds [28].
Rouse makes a point to distinguish these equivalent stiffness values as measurements of quasi-stiffness as
opposed to stiffness because the measurements only describe the equivalent stiffness values when the ankle
is acting as a passive system [55]. Rouse conducts his own study using a Perturberator Robot to measure an
average stiffness of 1 N mkg rad at the beginning of stance phase and 4.6
N m
kg rad at the end of stance phase [56].
Even though ankle stiffness changes with weight and speed [28], for this particular study, the same
stiffness values were used for every participant regardless of weight and speed. An alternative way of
determining the joint stiffness required by the CAPA foot is to look at the discrepancy between the gait of
an able-bodied individual and the gait of the same individual wearing the SACH foot that provides very
little push-off. Figure 5 shows the discrepancy to be approximately 10% the individual’s body weight. The
average participant in the study weighed 72.22kg so the CAPA foot must reach 70.8N of force at 10 degrees
dorsiflexion. The rotational stiffness of 7.08 Ndeg and practical constraints were used to guide the effective
rotational stiffness values given in Table 4. For experiment 2, the same rotational stiffness values were used
with an additional dorsiflexion pretension of 26.3N, 52.6N, 33.6N, and 67.2N as shown in Table 6.
Table 4: Effective Rotational Stiffness Values of CAPA Foot at the End of the Moment Arm
Plantar flexion( Ndeg) Dorsiflexion(
N
deg)
CAPA Small Radius Long Moment Arm Compliant 1.9 1.8
CAPA Small Radius Long Moment Arm Stiff 3.8 3.5
CAPA Large Radius Short Moment Arm Compliant 1.9 2.2
CAPA Large Radius Short Moment Arm Stiff 3.8 4.5
3.3.3.2 The Effect of Changing Various Geometries
After determining the spring constant, the geometries of the CAPA foot can be chosen to produce
the desired roll over shape. Shank angle and force data from one subject is used with the mathematical
model to evaluate the effect of changing various geometries on the CAPA foot. Since the roll over shape is
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determined by the foot as opposed to the individual wearing the foot, it is theorized that the resulting shape
and trends will remain the same with a different subject’s gait data. These roll over shapes would change
if the springs are replaced. However, it was observed that the effect of increasing the stiffness at either the
heel or toe is to lengthen the roll over shape rather than changing some of the more nuanced characteristics
of the roll over shape.
It was observed that increasing the distance between the ankle marker and the center of curvature
of the rocker (r1) by using a larger radius will cause the point of contact between the rocker and the ground
to move more during the step. This will result in a flatter and longer roll over shape, qualities that previous
studies have found desirable [44, 43, 45]. In order to achieve a larger radius within the dimensions of a
normal foot, the center of curvature and point of contact when the foot is in the neutral position must be
moved in front of the ankle marker in the horizontal direction. The resulting roll over shape will also have a
center of curvature with a forward shift.
Another change that can be made to the CAPA foot is increasing the length of the arm piece by
increasing the length of r6. This change will increase the distance of the point of contact between the arm
and the ground (xarm) and the ankle marker causing the center of pressure to move further forward and
the roll over shape to lengthen. However, lengthening the arm simultaneously lengthens the moment arm
and decreases the ground reaction force between the arm and the ground creating the opposite effect to the
resulting roll over shape. As long as the arm is long enough to reach the forward-most center of pressure
position on the roll over shape, these effects will essentially cancel each other out. An alternative is to
increase both the length of the arm and the stiffness. In general, larger stiffnesses at either the heel or the
foot provide more ground reaction forces and lengthen the roll over shape. The observed results of changing
the various parameters in the mathematical model are summarized in Table 5.
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Table 5: Summary of the Effect That Changing Individual Parameters Have on the Roll Over Shape Radius
of Curvature (ROC) and Horizontal Center of Curvature (Xc)
Parameter Geometric Equivalent Effect on roll over shape !R1(r1,q1) Vector from the center of curvature of
the rocker to the ankle marker
Larger r1 – ROC increases, q1 = 270  –
largest ROC, q1 = 180  – largest Xc
Heel !R5(r5,q5)
Vector from the ankle marker to the heel
arm center of rotation
No major effect
Heel !R6(r6,q6)
Vector from the heel arm center of
rotation to the point of contact with the
ground
Larger r6 – smaller ROC and Xc, q6 – No
effect
Foot !R5(r5,q5)
Vector from the ankle marker to the foot
arm center of rotation
Larger r5 – ROC increases and Xc
decreases, As q5 approached 180 , Xc
increases and ROC decreases
Foot !R6(r6,q6)
Vector from the foot arm center of
rotation to the point of contact with the
ground
Larger r6 – smaller ROC and Xc, q6 – No
effect
3.4 Final Experimental Designs
The mathematical model was used to create two models of the CAPA foot that would result in the
roll over shapes shown in Figure 12. Shank angle and force plate data was used from one subject wearing
a previous version of the CAPA foot with the prosthetic simulator. Geometric parameters were chosen
iteratively using the trends observed in section 3.3.3.2 to optimize the design to the two roll over shapes.
The first roll over shape to the left in Figure 12 was optimized to be as close as possible to that of the
able-bodied roll over shape found in section 3.1.4. This resulted in CAPA foot design radius of 30mm and
longer moment arm. The radius of the small radius CAPA foot is relatively close to the radii of the talus
bone (between 20 and 26.6 mm) [7].
The geometric parameters for the second roll over shape were created to maximize the radius of
curvature and effective foot length. Both characteristics have been found to be indicative of a healthier gait
as explained in section 3.1.4. This resulted the in a CAPA foot with a radius of 85mm, the largest radius
reasonably possible in the space provided. For each model of the CAPA foot, a compliant and stiff version
was tested with the rotational stiffness values given in Table 4. Figure 12 shows the effect that the change in
stiffness is expected to have on the roll over shape.
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Figure 12: Experiment 1 predicted roll over shapes of the compliant and stiff versions of the CAPA-foot-
small-radius-long-moment-arm (left) and CAPA-foot-large-radius-short-moment-arm (right) compared to
the able-bodied roll over shape found in section 3.1.4. The prediction was made using the mathematical
model.
The experimental procedure was another consideration in the final designs. All CAPA feet used
in experimental testing had a neutral length of 22cm, approximately equal to the length of the SACH foot
(22cm) and Renegade R AT (23cm) used for comparison. For all experimental testing and roll over shapes
shown in Figure 12, the same exact heel component, toe component, toe stiffness, and ankle marker posi-
tioning relative to the back of the foot were used for every trial. The center of the universal connector was
70mm from the back of the foot for both the small radius and large radius ankle component. The ankle
marker is positioned to be in line with the center of the universal connector. These design choices were
made in order to focus on the effect that changing the joint stiffnesses and geometries of the ankle and foot
components may have on the resultant gait.
This study was separated into two experiments. The only difference between the two experiments is
the angle of the platform circled in orange in Figure 13. For experiment 2, the platform was angled further
downward by 15 degrees. This design change means that there is a pretension in the springs between the
ankle and foot components when the foot is in its neutral orientation equal to values shown in Table 6. It
also means that when the CAPA foot begins dorsiflexion in experiment 2, there is already energy stored at
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the joint. Figure 13 shows the resting side profile of the final geometries during experiment 2. When an
individual puts weight on the foot during experiment 2, the front arm will bend upward and the ankle rocker
will touch the ground. For experiment 1, the platform circled in orange is 15 degrees higher and the ankle
rocker will rest on the ground without weight. Figure 9 in section 3.2.1 shows an animation of both designs
during stance phase.
A. 
B. 
Figure 13: Experiment 2 CAPA-foot-small-radius-long-moment-arm (A) and CAPA-foot-large-radius-
short-moment-arm (B). The platform circled in orange in angled 15 degrees upward in experiment 1.
Table 6: Experiment 2 Dorsiflexion Pretension (N)
CAPA Small Radius Long Moment Arm Compliant 26.3
CAPA Small Radius Long Moment Arm Stiff 52.6
CAPA Large Radius Short Moment Arm Compliant 33.6
CAPA Large Radius Short Moment Arm Stiff 67.2
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Final designs were 3D printed using PLA (Polylactic Acid) filament with 100% infill. During
printing, the parts were oriented with the faces shown in Figure 14 facing up. The universal connector was
connected to the ankle component by drilled holes. The toe and heel components remain intact throughout all
training sessions and experiments. The foot broke three times during the course of experimentation. During
the first, the subject fell and the screws connecting the universal connector and the CAPA-foot-small-radius
ankle component snapped. The second time occurred during a fall as well and the short moment arm foot
component on the CAPA-foot-large-radius broke. The last time occurred when the entire foot was dropped.
The short moment arm foot component on the CAPA-foot-large-radius broke. New ankle components were
printed between experiment 1 and 2.
It was desirable to have a larger rotational stiffness than could be achieved in the space given using
commercially available springs. While it is possible to get these springs custom made, for the purposes of
making one foot, it is expensive and provides less flexibility than could be achieved by connecting springs
in series. An arm of springs shown in Figure 13 was created to effectively increase the spring constant at the
joints. The four components are indicated by locations 1-4 in Figure 13. Location 5 in Figure 13 labels the
universal adapter. Three 1/8” steel rotary shafts at location 10 in Figure 13 connect the components. The
1/8” steel rotary shafts that connect the heel and foot components to the ankle component pass through the
center of all of the springs. The arms of the springs rest on four 1/4” steel square bars such as at location 6
in Figure 13. Because the large forces exerted by the springs can cause the 1/8” shafts to deflect, the shafts
are held in place by pieces of Delrin R at Location 9 in Figure 13. The Delrin R was laser cut to connect the
circular shafts with the stronger square shafts and still allow for rotation at the joints. Each shaft was 12
inches in length.
The weight of the CAPA-foot-small-radius and CAPA-foot-large-radius with the arm of springs was
the 1631.4g and 1780.8g respectively. This is much heavier than the SACH foot (415g). and Renegade R
AT (471g). However, the majority of the weight is due to the arm of steel shafts and springs. This arm
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can be replaced by two single stiffer springs, one at the joint between the heel and ankle and the other at
the joint between the ankle and foot. Without the arm of springs, the four 2D printed components and the
universal adapter only weighted 737.7g and 887.1g respectively. This weight could be further reduced with
the use of more advanced 3D printing techniques. The CAPA foot was wider than the SACH foot (75mm)
and Renegade R AT (75mm) with a total width of 103mm.
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Figure 14: Top view of an exemplary CAPA foot prototype used for experiments 1 and 2 showing the
arm mechanism used to increase the stiffness. 1 -Toe 2 -Foot 3 -Ankle 4 -Heel 5 -Universal Connec-
tor 6 -4 1/4” Hardened 4140 Alloy Steel Square Bars 7 -5.01N-m 120  Steel Torsion Springs 8 -4.84N-
m 180  Steel Torsion Springs 9 -Delrin R  connectors 10 -1/8” Steel Rotary Shafts.
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CHAPTER 4: METHODS
This study was aimed at comparing the the different versions of the CAPA foot explained in sec-
tion 3.4 to each other and to existing ankle-foot prostheses. The existing prostheses used were the SACH
foot and a type of ESR foot, the Renegade R AT produced by Freedom Innovations shown in section 2.1
Figures 1 and 2. On the Computer Assisted Rehabilitation Environment (explained in section 4.1), ten able-
bodied individuals walked normally and then with a transfemoral prosthetic simulator (explained in section
4.2) for a series of 8 trials shown in Table 7. For each subject, the order of the four different feet (SACH
foot, Renegade R AT, CAPA-Foot-Small-Radius-Long-Moment-Arm, and CAPA-Foot-Large-Radius-Short-
Moment-Arm) was randomized. If the ankle-foot was either the SACH foot or the Renegade R AT, the order
of the versions with no weight and with a weight was randomized. If the ankle-foot was the CAPA foot, the
order of the compliant and stiff versions was randomized.
Table 7: Experimental Trials 1.5 Minutes Each
Perturbation Total Weight of Prosthetic and Shank
1. SACH foot 415.0g
2. SACH foot with weight 1850.1g
3. Renegade R AT 419.3g
4. Renegade R AT with weight 1854.4g
5. CAPA Small Radius Long Moment Arm Compliant 1631.4g
6. CAPA Small Radius Long Moment Arm Stiff 1631.4g
7. CAPA Large Radius Short Moment Arm Compliant 1780.8g
8. CAPA Large Radius Short Moment Arm Stiff 1780.8g
One of the most obvious differences between the two existing prostheses and the CAPA foot is the
weight of the ankle-foot. Despite this, the weight of the CAPA foot prototypes used in experimentation is
not necessarily representative of the weight of a final version of the CAPA foot. For this reason, each of
the existing prostheses was tested with and without an ankle weight added to the shank of the prosthetic leg
so that the total weight approximately equals that of the CAPA foot as shown in Table 7. Performing these
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additional trials helped control the effect that the difference in weight may have on the gait of an amputee,
and it also allows for the effect that weight has on the gait of a transfemoral amputee to be evaluated.
It should be noted that, while the total weight of the existing prostheses with a weight is approximately
equal to that of the CAPA foot, the location of the added weight on the existing prostheses was around the
ankle/lower shank and at a more proximal position to the knee than the CAPA foot. In other words, the
center of mass of the CAPA foot is at a more distal location and closer to the ground in comparison to the
center of mass of the existing prostheses with a weight. This difference in location could impact the results,
particularly during swing phase.
The study was separated into two experiments. Subjects 1-5 participated in the first experiment and
subjects 6-10 participated in the second experiment. The only difference between the two experiments was
the orientation of one of the platforms on the CAPA foot explained in section 3.4. The second experiment
was performed in order to evaluate if added pretension improved the design.
4.1 Computer Assisted Rehabilitation Environment
Figure 15: Computer Assisted Rehabilitation ENvironment (CAREN)
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The Computer Assisted Rehabilitation ENvironment (CAREN) shown in Figure 15 is equipped
with 180  projection screens, a six degree of freedom motion base, split-belt treadmill with force plates,
video cameras, and 10 motion capture cameras. It is human rated and has numerous safety features and
procedures including a harness, multiple stop buttons, handrails, and sensors that stop the treadmill if the
individual goes too far to the front or back of the platform. During each trial, positions from 18 reflective
markers, ground reaction forces, and center of pressure data were gathered at a rate of 100Hz.
4.2 Prosthetic Simulator
Testing was performed using able-bodied subjects wearing a transfemoral prosthetic simulator on
their right leg. The simulator was assembled using part of an iWalk c , a polycentric prosthetic knee, and an
ankle-foot prosthesis as shown in Figure 16. Figure 16 also shows the marker placement on the simulator.
Because the knee used is polycentric with two rotational centers, markers were placed above and below the
knee. The height the Renegade R AT and arm of springs on the CAPA foot made it difficult to place the ankle
marker at its correct anatomical position. Instead, the ankle marker was placed at the prosthetic component
that connects the universal connector on the ankle-foot to the shank on the prosthetic simulator. Components
between the prosthetic knee and the ankle-foot prosthesis were switched out in order to keep the height of
the prosthesis the same.
The gait of transfemoral amputees and individuals wearing an above the knee prosthetic simulator
have similar kinematic and kinetic joint mechanics [57], and, as a result, has been used as a tool to study the
gait of a transfemoral amputee [58, 41, 59, 60, 61]. Using a simulator allowed the gait produced by each
ankle-foot prosthesis to be analyzed without putting an amputee through undue stress.
4.3 Procedure
Ten able-bodied subjects volunteered their time to participate in this study. The participants were
recruited through flyers and two emails sent to the entire engineering student body at the University of South
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Figure 16: Prosthetic simulator with the SACH foot and reflective markers.
Florida. The study and flyer were approved by the Institutional Review Board at the University of South
Florida. All subjects read and signed consent forms before taking part in the experiment.
The study consisted of two sessions. For the first session, lasting approximately 1 hour, the individ-
ual was fitted and trained over ground with the prosthetic simulator. The first session began by the author
explaining the study, the Computer Assisted Rehabilitation Environment (CAREN), and the task required
by the able-bodied volunteer. Questions were answered and the author explained how to walk on the pros-
thetic simulator. Each subject began the training session wearing the SACH foot with no weight. For the
duration of the training session, each subject tried either the experiment 1 CAPA-foot-large-radius-stiff or
the experiment 1 CAPA-foot-small-radius-stiff, the Renegade R AT produced by Freedom Innovations, and
at least one of the existing prosthetics with a weight. The degree to which the ankle-foot was “turned out,”
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Table 8: Age, Height, Weight, and Walking Speeds of Participants in Study. Subjects 1-5 participated in
experiment 1 and used CAPA feet without pretension and subjects 6-10 participated in experiment 2 and
used CAPA feet with pretension.
Subject Age Height Weight Normal
Walking Speed
Simulator
Walking Speed
1 20 5’11” 164lb 1.4m/s 0.5m/s
2 22 5’10” 151lb 1.3m/s 0.7m/s
3 22 5’10” 147lb 1.2m/s 0.8m/s
4 25 5’9” 174lb 1.4m/s 0.5m/s
5 23 6’1” 174lb 1.5m/s 0.8m/s
6 25 6’2” 146lb 1.7m/s 0.7m/s
7 25 5’9” 170lb 1.1m/s 0.75m/s
8 18 6’2” 193lb 1.4m/s 0.75m/s
9 22 5’10” 147lb 1.2m/s 0.8m/s
10 19 5’9” 134lb 1.3m/s 0.88m/s
the rotational angle of the ankle-foot in relation to the knee, was left up to individual preference between
approximately 0  and 15 . This is because many individuals walk with their toes angled slightly outward.
The SACH foot was oriented in a slightly dorsiflexed position for all trials. The height of the prostheses was
determined for each subject by measuring the individual’s intact knee height and watching each individual
walk with the prostheses. The height remained the same throughout the experiment. The minimum knee
height for participation in the study was determined by that required to walk with the Renegade R AT. If
the height of the prosthetic simulator was too tall, a second session was not scheduled and the subject was
excluded from the study.
The experiment was conducted during the second session, lasting between 2.25 and 3 hours. During
the beginning of the second experimental session, basic information was gathered about the subject such as
age, height, weight, and knee height summarized in Table 8. Inadvertently, all subjects were male. A 10m
walk test was preformed to get each individual’s normal walking speed. Each individual began by walking
normally in the CAREN system for a period of 2 minutes with eighteen reflective markers. The eighteen
reflective markers were placed at the base of the second toe, heel, ankle joint, point of knee rotation, tibia,
femur, point of hip rotation, and the anterior and posterior illiac on both the right and left sides of the body.
Then, the prosthetic simulator with the first ankle-foot prosthesis was strapped on to the subject’s right
33
leg and the reflective markers moved to the prosthetic leg. The subject was allowed to practice walking
with the prosthetic simulator on a treadmill in the CAREN system until they felt comfortable beginning
the experiment. After trying a couple of speeds, each subject self-selected the prosthetic simulator walking
speed. The same speed was used for all trials.
Each individual walked on the four feet and the eight total configurations listed in Table 7 for periods
of 1.5 minutes each. The order was randomized using the method explained in the beginning of Chapter 4. If
the individual had difficulty adapting to a new ankle-foot, they were allowed time to practice on the CAREN
system before the trial began. The practice trials were kept to a minimum to prevent fatigue. Walking with
the prosthetic simulator can be physically difficult and require muscles to be used differently than normal
walking. Subjects reported soreness in the foot and hip of the leg not wearing the prosthetic simulator as
well as discomfort behind the knee of the leg wearing the prosthetic simulator. While the simulator ankle-
foot configurations were changed, the subjects were given a chance to rest and walk around if needed. Water
was provided.
Subjects were instructed to only hold onto the safety bars on either side of their body if it was
necessary. During a trial, if the subject was unable to maintain a steady gait without falling or touching the
handrails repeatedly, the trial was repeated. Throughout the 10 subjects, none of the individual trials were
repeated more than once. After each trial, a student who was not involved in the design of the CAPA foot
asked each subject to rate the difficulty level of that particular trial on a scale from 1 (easiest) to 5 (hardest).
She recorded the response and any comments given about the trial. At the end of the experiment, she asked
each subject “Which foot would you prefer to walk on? Why?,” “Would you prefer to walk [on the SACH
foot and Renegade R AT] with or without a weight,” and “Would you prefer more of less springs [on the
CAPA foot]?” Responses recorded and the subject was asked for any final comments.
34
4.4 Data Analysis
After data collection, analysis was preformed to extract the ankle angles, ground reaction forces,
and the roll over shape during a typical step for each subject and perturbation. Steps were distinguished by
finding the times at which the position of the heel marker was in its frontmost position. The mode step time
was used to define the typical step. For each subject and trial, up to 15 steps, with step times closest to the
mode step time within an allowable frame error of +/-50ms were chosen. Afterward, each trial was then
translated horizontally to that beginning of the gait cycle was occurred at heel strike indicated by positive
vertical ground reaction forces.
The ankle angles for each step was computed using the positions of the knee marker beneath the
prosthetic knee, ankle, heel, and toe marker. The position of the ankle marker was moved down the shank
so that the average distance to the ground during stance phase equals that of the subject’s normal walking
trial. The ankle angles were represented by first computing the toe angle and the heel angle shown in
Figure 17. The angle of zero degrees for every step occurs when the foot is in the neutral position and the
shank is vertical. During able-bodied walking, the toe and heel are coupled and result in very similar graphs.
However, the heel flexion and toe flexion on the CAPA foot are not coupled. For this reason, the heel angles
were used to represent the ankle angles during heel strike plantar flexion until the shank reaches the vertical
position and the toe angles were used for the rest of gait cycle. The ground reaction forces were divided by
the weight of the subject.
The same procedural analysis was performed with marker position data that had been post-processed
using Nexus software and the original marker position and force data that had been collected by D-flow. Each
step was scaled to 180 frames using spline interpolation. In comparison, the number of frames in a typical
step ranged from 100 to 162 for across all trials. For each frame, outliers defined as values outside 1.5 times
the interquartile range were excluded and the mean value, standard deviation, and number of included steps
were recorded. These values were used to plot the typical step and standard error for each subject and trial as
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Figure 17: Toe angles (yellow) and heel angles (green) on an able-bodied leg (left) and the CAPA foot
(right). The shank vector from the ankle marker to the knee marker is shown in red. The toe angle is the
angle between the vector from the ankle marker to the toe marker and the shank vector. The heel angle is
the angle between the vector from the ankle marker to the heel marker and the shank vector.
shown in Appendix . Mean and standard error were computed for each trial across all subjects and displayed
in the results.
Finally, the position of the ankle marker, position of the center of pressure, and shank angle of
the typical step was determined using the method above and used to compute the position of the center of
pressure in a shank-based coordinate system. These points were plotted when the vertical ground reaction
forces were greater that 0.25 the weight of the subject to find the typical roll over shape for each subject and
trial.
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CHAPTER 5: RESULTS
This chapter summarizes the results from both experiments. The ankle angles, ground reaction
forces, and roll over shapes across all subjects and trials of the prostheses are compared to baseline that oc-
curs on the right side during each individual’s able-bodied gait. The figures are color coded according to the
prosthesis worn by the subject. The different perturbations with that particular prosthetic, for example with
weight versus no weight or compliant versus stiff, are graphed with different lines in the same color. This
chapter also summarizes the difficulty level ratings given by the subjects, the accuracy of the mathematical
model, and validates the concept of roll over shape based design.
5.1 Ankle Angles
When the toe and heel are coupled, such as in trials with the intact ankle-foot (baseline) and the
SACH foot, the toe and heel ankles are related and only the toe angles can be used to represent the ankle
angles. However, the heel and foot arms of the CAPA foot are uncoupled so the toe and heel angles capture
different aspects of the CAPA foot movement. The upward rotation of the heel arm during heel strike plantar
flexion is captured by the heel angles and the upward rotation of the foot arm is captured by the toe angles.
For this reason, the ankle angles were determined by using the heel angles before the shank reached its
vertical position and the toe angles afterwards. This was done for all trials except for the Renegade R AT.
The Renegade R AT is decoupled as well with a board that will flex during heel strike. However, since the
plantar flexion was minimal and there was no good position to place a heel marker that would encompass
that angle, only the toe angles for the Renegade R AT are presented. The toe angles for each subject are
shown in Appendix B and the ankle angles in Appendix C.
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Figure 18: Ankle angles for experiment 1 and 2. The shaded error bars represent half the standard error
between steps and subjects. Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff; subject
4 CAPA-foot-large-radius-compliant; subject 5 SACH foot with weight and CAPA-foot-large-radius-stiff;
subject 7 Renegade with weight CAPA-foot-small-radius-stiff and CAPA-foot-large-radius; and subject 10
SACH foot without weight were removed because of difficulties post-processing the data. Individual subject
figures for ankle angles are in Appendix C and toe angles are in Appendix B.
Figure 18 shows that all versions of the CAPA foot bend further in both dorsiflexion and plantar
flexion than the SACH foot and look more like the ankle angles of the intact ankle-foot (baseline). For
the majority of the gait cycle, the experiment 1 and experiment 2 CAPA feet ankle angles look similar.
However, during toe off the experiment 2 CAPA feet are further plantar flexed and more similar to the intact
ankle (baseline). This was expected because, unlike the experiment 1 CAPA feet, the resting position of the
experiment 2 CAPA feet are in the plantar flexed position. Across both experiments, the CAPA-foot-small-
radius bends further in dorsiflexion than the CAPA-foot-large-radius.
While the CAPA foot has a larger range of motion that the Renegade R AT in both experiments, the
Renegade R AT during experiment 2 exhibits greater dorsiflexion, a stark contrast against the experiment
1 results. This is unusual because the same ankle-foot was used during both experiments. Because the
experiment 2 Renegade R AT has a larger standard error bar, the results could have been increased by just a
couple usual trials.
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The ankle angles in Figures 18 have been graphed such that the shank is in its vertical orientation at
zero degrees. When the individuals are wearing the prosthetic simulator with any version of the CAPA foot
and the SACH foot, it takes approximately 35% of the gait cycle for the shank to reach neutral orientation
and cross the x-axis. This is confirmed by the shank angles in Appendix D. The individuals with the CAPA
feet or the SACH foot then reach maximum dorsiflexion in the next 15-20% of the gait cycle for push-off
to occur. In comparison, the able-bodied individuals took less that 15% the gait cycle for their shank to
reach the neutral orientation. As a result, the ankle angles for the CAPA feet may not have had time to reach
maximum dorsiflexion. The prosthetic shank with the Renegade R AT reaches the vertical position sooner
than either the SACH foot or the CAPA feet and later than intact ankle-foot (baseline), possibly allowing
more time for dorsiflexion.
5.2 Ground Reaction Forces
This section shows the normalized ground reaction forces collected by the force plates on the
CAREN system for each prosthetic ankle-foot. It is first important to understand the difference between
the forces produced by the ankle-foot itself and that being measured by the force plates. The force mea-
sured by the force plates is a net summation of the forces produced by the ankle-foot prosthesis and the
forces produced by the human subject in reaction to the prosthesis. The mathematical model is used with
the experimental shank angle to model the forces produced by the foot itself during every trial.
5.2.1 Vertical Ground Reaction Forces
The vertical ground reaction forces for experiments 1 and 2 normalized by subject weight are shown
in Figure 19. The intact ankle (baseline) exhibits a clear double bump while all of the ankle-foot prostheses
do not. In the individual subject graphs in Appendix E, the force graphs were less smooth, especially
between 20% and 50% gait cycle. There was often a peak at heel strike that was not exhibited with the intact
ankle (baseline). Almost all of the subjects hit the ground particularly hard at heel strike to force the knee
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Figure 19: Vertical ground reaction forces for experiment 1 and 2. The shaded error bars represent half the
standard error between steps and subjects. Subject 1 SACH foot with weight and CAPA-foot-large-radius-
stiff and subject 7 Renegade with weight were removed because of difficulties post-processing the data.
Individual subject figures are in Appendix E.
in its locked position before loading the leg. Therefore, the presence of the initial peak may be a result of
either the polycentric knee or the prosthetic simulator itself and not a reflection on any of the particular feet.
5.2.2 Sagittal Plane Ground Reaction Forces
Ground reaction forces also occur in the sagittal plane. At the beginning of the gait cycle during
braking, a negative force occurs. At the end of stance phase, a positive force provides the work necessary
to propel the foot and proceed with forward motion. Figure 20 shows that none of the sagittal plane ground
reaction forces of any of the prostheses match that of the intact ankle-foot (baseline). All versions of the
CAPA foot exhibit greater push-off forces than either the SACH foot or the Renegade R AT. All versions of
the experiment 2 CAPA foot exhibited greater braking forces. It was found that the Renegade R AT often
exhibited a double peak profile instead of providing a braking force. The profile of the SACH foot was
similar to the CAPA foot and the intact ankle-foot (baseline), but smaller in magnitude.
The experiment 2 versions of the CAPA foot with pretension exhibited greater sagittal plane ground
reaction forces than the experiment 1 versions of the CAPA foot without pretension. Dorsiflexion energy is
absorbed by the CAPA foot with pretension during braking, resulting in greater braking forces and greater
40
Figure 20: Sagittal plane ground reaction forces for experiment 1 and 2. The shaded error bars represent
half the standard error between steps and subjects. Subject 1 SACH foot with weight and CAPA-foot-
large-radius-stiff, and subject 7 CAPA-foot-small-radius-stiff were removed because of difficulties post-
processing the data. Individual subject figures are in Appendix F.
forces during the release of the energy in push-off. Changes to just the rotational stiffness made little
difference in the resulting push-off forces. However, the experiment 2 CAPA feet with pretension provided
greater sagittal plane forces.
5.2.3 Ground Reaction Forces Produced by CAPA Foot
The experimental shank angle and ankle position data can be used with the mathematical model
to determine the forces generated by the CAPA foot during the trial. While the magnitude and location of
the forces is produced by the CAPA foot predicted directly by the mathematical model, the direction of the
produced forces is less clear. For this reason the forces produced by the CAPA foot are represented in two
ways. The first representation in Figure 21 assumes all of the force exerted by the heel arm contributes
to braking in the sagittal plane and all of the force exerted by the foot arm contributes to push-off in the
sagittal plane. Figure 21 is useful in understanding the magnitude of the forces produced by each CAPA
foot throughout stance.
The second representation separates the magnitude of the total force generated by the CAPA foot
into a sagittal plane component in Figure 22 and a vertical component in Appendix G. It is assumed that
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the direction of the force will occur perpendicular to the arm of the torsion spring approximated by the arm
angle (q6). The direction of the rocker force will likely adjust to balance the free body diagram of the CAPA
foot in Figure 11. Figure 21 is useful in understanding how the forces produced by the CAPA foot contribute
to the sagittal plane and vertical ground reaction forces individually.
In both Figure 21 and 22, negative values indicate plantar flexion braking forces and positive values
indicate dorsiflexion push-off forces. The profile of the forces produced by the CAPA foot looks like the
profile of an intact ankle-foot (baseline), but smaller in magnitude. For comparison to the sagittal plane
forces in Figure 20, 70.8N is 10% of the body weight of the average subject. The mathematical model is
only valid during stance phase so the forces are only shown when the vertical ground reaction forces are
over 25% of the individual’s body weight. The forces produced by the foot during experiment 2 are much
greater than experiment 1 because of the added pretension. The forces exerted by the CAPA foot varied by
subject and stiffness. Despite the CAPA-foot-small-radius having a smaller rotational stiffness because it has
a longer moment arm as shown in Table 4, the push-off forces produced by the CAPA-foot-small-radius and
CAPA-foot-large-radius were similar because the CAPA-foot-small-radius bended further in dorsiflexion as
shown by Figure 18.
Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff; subject 6 CAPA-foot-small-
radius-stiff; subject 7 Renegade with weight and CAPA-foot-small-radius-stiff; and subject 9 CAPA-foot-
small-radius-stiff were removed from Figures 21 and 22.
5.3 Roll Over Shape
One roll over shape for each trial was plotted using the typical shank angles, center of pressure
positions, and ankle positions throughout stance phase when the vertical ground reaction forces were greater
than 0.25 body weight in Figures 23 and 24. A best fit second order polynomial was found for each roll
over shape. The important characteristics like the mean radius of curvature following the method used by
Hansen [48], the forward position of the polynomial minimum given, and the forward length of the shape in
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Figure 21: Ground reaction forces produced by each CAPA foot during experiment 1 and experiment 2
using first method of representation. Because the model is only valid during stance phase, the model is cut
off when the vertical forces are less than 25% body weight.
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Figure 22: Sagittal plane component of ground reaction forces produced by each CAPA foot during exper-
iment 1 and experiment 2 using second method of representation. Because the model is only valid during
stance phase, the model is cut off when the vertical forces are less than 25% body weight.
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the x-direction (maximum-minimum) were found for each shape and the median value is given in Table 9.
The vertical position of the shape along the y-axis is mainly determined by the placement of the ankle marker
and is of less importance.
The shape of the intact roll over shape in experiments 1 and 2 was consistent with the findings
during the design stage in section 3.1.4. The radius of curvatures and forward length of the CAPA feet were
less than the intact ankle-feet, but in general increased with added pretension and stiffness in Table 9. The
radius of curvatures of the SACH foot and Renegade R AT were larger than the intact ankle-foot (baseline).
It can be seen in Figures 23 and 24 that while the roll over shapes of the SACH foot and the Renegade R AT
often had a longer arc length than the CAPA feet, the existing prosthesis were often the orientated differently
than intact ankle-foot (baseline).
Table 9: Roll Over Shape of Best Fit Polynomial Median Radius of Curvature at Minimum, Median Forward
Position at Minimum, Median Length of Shape in X-Direction
Radius of
Curvature
Forward
Position
X-Direction
Length
Intact Ankle-Foot 478 -0.16 334
SACH Foot 509 -0.54 276
SACH Foot With Weight 554 -0.17 310
Renegade R AT 1218 0.64 278
Renegade R AT With Weight 755 0.44 382
Experiment 1 CAPA Small Radius Compliant 200 -0.16 165
Experiment 1 CAPA Small Radius Stiff 268 -0.09 180
Experiment 1 CAPA Large Radius Compliant 249 -0.25 180
Experiment 1 CAPA Large Radius Stiff 253 -0.22 210
Experiment 2 CAPA Small Radius Compliant 247 -0.28 256
Experiment 2 CAPA Small Radius Stiff 236 -0.15 289
Experiment 2 CAPA Large Radius Compliant 236 -0.28 261
Experiment 2 CAPA Large Radius Stiff 386 -0.23 244
5.3.1 Comparison With Calculated
The experimental shank angle data is used to calculate the predicted position of the center of pres-
sure using the method explained in section 3.3. The calculated and experimental positions of the center of
pressure in a shank-based coordinate system are plotted for each CAPA foot in Figure 25. The roll over
shape travels from the left to the right during the step. The points are connected sequentially with a line.
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Figure 23: Experiment 1 roll over shapes for subjects 1-5. Subject 1 SACH foot with weight and CAPA-
foot-large-radius-stiff; subject 2 SACH foot with weight, CAPA-foot-small-radius-compliant, and CAPA-
foot-large-radius-stiff; subject 3 SACH foot no weight; subject 4 SACH foot with weight, Renegade with
weight, CAPA-foot-small-radius-compliant, and CAPA-foot-large-radius; and subject 5 Renegade without
weight were excluded from analysis. The ankle marker is located at coordinate (0,0) with the y-axis in line
with the shank and the x-axis perpendicular to the shank. The forward position indicates the x-coordinate of
the center of pressure in the shank based coordinate system. The vertical position indicates the y-coordinate
of the center of pressure in the shank based coordinate system. The position of the center of pressure was
only plotted when vertical ground reaction forces were greater than 0.25 the individual’s body weight.
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Figure 24: Experiment 2 roll over shapes for subjects 6-10. Subject 6 CAPA foot compliant; subject
7 all CAPA foot trials; subject 8 SACH foot with weight; subject 9 CAPA-foot-large-radius-compliant,
and subject 10 CAPA-foot-small-radius-stiff were excluded from analysis. The ankle marker is located
at coordinate (0,0) with the y-axis in line with the shank and the x-axis perpendicular to the shank. The
forward position indicates the x-coordinate of the center of pressure in the shank based coordinate system.
The vertical position indicates the y-coordinate of the center of pressure in the shank based coordinate
system. The position of the center of pressure was only plotted when vertical ground reaction forces were
greater than 0.25 the individual’s body weight.
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The experimental position of the ankle marker was used during the transformation to a shank-based coordi-
nate system so that the calculated shape matched the corresponding experimental shape better in the vertical
direction. The experimental position of the ankle marker was not used to calculate the center of pressure.
Figure 25 shows some consistency among the roll over shapes produced by each foot with all sub-
jects. However, these roll over shapes do not match the length predicted during the design stage. The main
difference between the shape calculated in the design stage and the shapes calculated in Figure 25 is the
shank angle data. As discovered by looking at the ankle angles in Figure 18, the individuals wearing the
prosthetic simulator are spending more time in plantar flexion for heel strike before the shank reaches its
vertical position than was predicted. This could have prevented the individual from completing the roll over
shape, resulting in a final shape that is cut short.
5.3.2 Validation of Roll Over Shape Based Design
The mathematical model of the roll over shape was created to implement a process of roll over
shape based design. The process is based on the theory that the roll over shape is dependent on the ankle-
foot prosthesis as opposed to the subject wearing the prosthesis. To test the validity of the theory, the
experimental data from one CAPA foot trial can be used with foot geometry of a different version of the
CAPA foot. Subjects 3, 5, 6, and 8 were chosen because all four exhibited typical roll over shapes for both
the CAPA-foot-small-radius-stiff and the CAPA-foot-large-radius-stiff. The calculated roll over shape was
found using the experimental shank angle, geometry of the CAPA foot in the neutral orientation, and force
plate data of the correct subject and trial shown in green. Then, for each subject, the experimental data of
the CAPA-foot-small-radius was matched with the geometry of the CAPA-foot-large-radius and shown in
magenta. Likewise, the experimental data of the CAPA-foot-large-radius was matched with the geometry of
the CAPA-foot-small-radius. The calculated distance to the ground was used to plot the center of pressure
points in a shank-based coordinate system.
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Figure 25: Roll over shapes experimental versus calculated for all versions of the CAPA foot. The captions
of Figures 23 and 24 can be referenced for further details on the methods used to plot the experimental roll
over shape.
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Figure 26: Experimental roll over shapes compared to calculated roll over shapes using the same exper-
imental data (green) and the experimental data of the opposite trial (magenta). CAPA-foot-large-radius
shapes are shifted further forward.
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The resulting calculated shapes of both foot geometries were translated in the vertical direction so that the
shapes coincide with the experimental shape. Shapes of the same foot geometry for each subject were
translated by the same amount.
The magenta roll over shapes in Figure 26 using the experimental data from a different trial almost
cover the green roll over shapes using the correct experimental data. It shows that experimental data could
be used to predict the roll over shape of a completely different foot. When the CAPA-foot-large-radius is
used with CAPA-foot-small-radius experimental data, the resulting shape is shifted further forward and the
curvature increased so that the calculated shape corresponds more closely to the CAPA-foot-large-radius
experimental roll over shape than the CAPA-foot-small-radius experimental roll over shape. The difference
between the roll over shapes produced by the CAPA-foot-small-radius and the CAPA-foot-large-radius are
the same as found during the design stage in Figure 12. The green and magenta shapes match closely for
every foot, indicating that the roll over shape is dependent on the foot geometry instead of the specific trial’s
experimental data.
5.4 Difficulty Level and Individual Preference
Characteristics of a prosthesis such as stability are difficult to quantify. Individual preference matters
as well. For this reason, after each trial, the subject was asked to rate the difficulty level on a scale from
1 (easiest) to 5 (hardest) and give comments. At the end of the experiment, the subject was asked more
questions about their personal preference.
In response to the question “Which foot would you prefer to walk on? Why?,” nine out of ten
participants said they would prefer to walk on the CAPA foot. In experiment 1, subject 1 preferred the small
radius compliant version and subjects 2, 3, 4, and 5 preferred the large radius version. In experiment 2,
subjects 7 and 8 preferred the CAPA foot but did not notice a difference between the radii and subject 9 and
10 preferred the large radius version. Subjects 1, 2, 4, 5, and 9 indicated that the major reason for choosing
the CAPA foot was a concern with wobbling, balancing, stability, or the width of the foot. Additionally,
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subject 2 liked the CAPA-foot-large-radius because there was less rocking than the CAPA-foot-small-radius
and subject 3 liked the CAPA-foot-large-radius because it felt stiffer and was able to bend more than the
CAPA-foot-small-radius. Subject 5 was able to “look straight ahead without worrying about the foot” and
subject 9 said that when using the CAPA-foot-large-radius, he felt that he “wasn’t going to fall no matter
where the foot was placed,” called the foot “dependable,” and commented on the swing/lag time. Subject
8 said the CAPA foot was more “natural.” In comparison, subjects 5 and 8 described the Renegade R AT as
“springy.” Subject 5 commented that the Renegade R AT made his hips hurt.
Subject 6 preferred the SACH foot, indicating a different preference than the other nine subjects.
During the CAPA foot and the Renegade R AT trials, he was having difficulty clearing the toe on the tread-
mill. Subject 6 also said that he did not like the weight of the CAPA foot and felt like the arm of shafts and
springs was impacting his gait. If these issues were addressed, he said he would prefer the CAPA foot.
The overwhelming preference the subject had for the CAPA foot was also shown by the difficulty
level ratings given at the end of each trial on a scale from 1 (easiest) to 5 (hardest) shown in Figure 27. There
was a statistically significant difference between the rated difficulty level of the CAPA foot trials and the
existing prostheses (F=14.2, p<0.01). The Renegade R AT with and without a weight (ESRNW and ESRW)
was found to be the most difficult for the participants. These results are unusual as the Renegade R AT was
designed for active users. Subjects 5 and 9 reacted more positively to the Renegade R AT during session 1
than the experimental session 2.
CAPA-foot-large-radius-stiff The next question asked was “Would you prefer to walk [on the SACH
foot and Renegade R AT] with or without a weight.” Preferences were split between with a weight and
without a weight. For subjects 2, 6, and 9, it also depended on the foot. Subjects 1, 3, 4, 5, 7, 8, 9,
and 10 indicated that a major consideration was either the swing time, the lag time, or used adjectives
describing the locking of the knee like “clicking” or “snapping.” The preferences for each individual is
given in Table 10. The average mode step time for each trial in Appendix I shows that adding a weight to
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Figure 27: The difficulty level rating for each trial averaged among all subjects. The rating was given im-
mediately following the experimental trial. The bars represent SACH Foot No Weight (SACHNW), SACH
Foot WithWeight (SACHW), Renegade R  ATNoWeight (ESRNW), Renegade R  ATWithWeight (ESRW),
CAPA-foot-small-radius-compliant (CAPASRC), CAPA-foot-small-radius-stiff (CAPASRS), CAPA-foot-
large-radius-compliant (CAPALRC), and CAPA-foot-large-radius-stiff (CAPALRS)
the prosthesis increases the step time. Adding a weight to the ankle of an able-bodied subject produces a
similar effect [62]. The CAPA foot has the largest step time because the mass was located at a more distal
position.
Subjects 4, 5, and 6 used the word “natural” to describe walking with a weight. Subject 5 used said
he was more “confident” with the weight and subject 8 said he felt more control without the weight. Subject
5 also commented regarded the presence of a lag during the CAPA foot trials. Subject 9 preferred the weight,
however, he thought less weight would be ideal and commented that the weight made it harder to raise the
foot. Subject 10 liked the weight on the CAPA foot, but thought the weight hindered with the SACH foot
and Renegade R AT. Regardless, every subject had a preference. While it might seem as if the wording of
the question could have forced subjects to make a decision, subjects 2, 6, and 9 were comfortable stating a
different preference for each of the prosthetic ankle feet. Also, for the next question about the springs that
worded in a similar manner, subjects 3, 5, and 6 indicated no preference.
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Table 10: Subject Individual Preference SACH Foot and Renegade R  AT With vs. Without Weight
SACH Foot Renegade R  AT
Without Weight 1,6,7,8,10 2,7,8,10
With Weight 2,3,4,5,9 1,3,4,5,6,9
No Preference none none
Table 11: Subject Individual Preference CAPA Foot Compliant vs. Stiff
Small Radius Large Radius
Compliant 2,8 2,8
Stiff 4,5,7,9,10 4,7,9,10
No Preference 3,6 3,5,6
The final question that the subject was asked was “Would you prefer more of less springs [on the
CAPA foot]?” and the results shown in Table 11. More individuals indicated a preference for more springs
as opposed to less. However, while both subjects 9 and 10 commented on the assistive effect of the CAPA
foot during the trials, none of the subjects stated it as a reason for wanting more or less springs. The focus
was on stability and support. Subjects 3 did not notice a difference in stiffness and subject 6 only noticed
the difference while standing. Subjects 4 liked the greater support the stiff version provided. Subject 8
preferred the compliant versions because it was more natural and “bended like an actual foot.” Subject 9
said he preferred the stiff version because of the difference in lag time. Subject 10 liked the stiffer design
because of “the feeling of the cushion when planting the foot,” but otherwise did not notice a difference.
Subject 10 wore the experiment 2 versions of the CAPA foot with pretension.
At the end of the experiment subject 6 felt as if walking on the prosthetic simulator was easier at the
end because he had practiced. In comparison, subject 9 felt more fatigued at the end of the experiment.
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CHAPTER 6: DISCUSSION
The most noticeable difference between the CAPA foot and an intact ankle-foot is that individuals
wearing the prosthetic simulator with the CAPA foot spend significantly more time in heel strike plantar
flexion than the intact ankle-foot. This can be observed by looking at the point in the gait cycle that the
toe angles cross the x-axis in Figures 18. As a result of spending too much of the gait cycle in heel strike
plantar flexion, individuals may have been forced to pick up their foot prematurely in order to keep up with
the treadmill. The ankle angles would not have time to reach the dorsiflexion of an intact ankle, causing the
CAPA foot to produce less push-off forces. Since trials with the SACH foot and the Renegade R AT show
the same trend, the extended time in heel strike plantar flexion could be the result of the nature of walking
with a prosthetic simulator as opposed to CAPA foot itself.
If the extended time in heel strike plantar flexion continues to occur when the ankle-foot is worn
by an amputee, the CAPA foot design would need to be improved to address this problem. It may be more
possible to address this with a small rocker radius as opposed to the large rocker radius. The CAPA-foot-
large-radius has a rocker center of curvature in front of the ankle marker by necessity, possibly making it
more difficult for the ankle-foot to proceed from plantar flexion into dorsiflexion. The experimental results
in Figure 18 show that the average maximum dorsiflexion reached by the large radius versions are noticeably
less than the small radius versions. As a result, in experiment 1, similar forces were produced by both the
small radius and large radius in Figure 21 and 22 despite the large radius version having a shorter moment
arm and larger effective rotational stiffness in Table 4. In experiment 2, the push-off forces of the small
radius version are larger than the large radius version as shown in Figure 20. While four of five subjects in
experiment 1 said they preferred the large radius version, when the dorsiflexion stiffness was increased in
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experiment 2, only 2 of the 5 said they preferred the large radius version. It might be possible to achieve
the stability of the CAPA-foot-large-radius with a CAPA-foot-small-radius with a greater stiffness. Another
option is to change the curvature of the rocker component.
Premature lifting of the foot would also impact the individual’s roll over shape by cutting the shape
short in the x-direction in front of the ankle marker. This may describe the discrepancy between the length
predicted during the design stage in Figure 12 and the experimental roll over shapes in Figures 23 and 24.
The mathematical model was shown in Figure 25 to be capable of predicting the roll over shapes of the
experimental trial with reasonably good accuracy, yet, the predicted roll over shape is much longer than
the experimental shapes. The likely explanation is that the individual whose experimental data was used to
predict the roll over shape during the design stage spent more time in dorsiflexion than the ten participants
in the study. The capability of the mathematical model to predict the roll over shape of a different foot
geometry is shown in Figure 26. Abnormalities in experimental data such as prematurely lifting the foot
would translate to the calculated and experimental roll over shapes.
6.1 Versions of the CAPA Foot
Throughout the entire study, eight different versions of the CAPA foot were tested. The CAPA
feet used in experiment 1 with subjects 1-5 did not have dorsiflexion pretension and the CAPA feet used in
experiment 2 with subjects 6-10 did have dorsiflexion pretension. For each experiment, compliant and stiff
versions of a small-radius-long-moment-arm foot and a large-radius-short-moment-arm foot were tested.
The experiment 2 versions of the CAPA foot with pretension improved upon the experiment 1
versions of the CAPA foot by providing greater push-off forces as indicated in Figure 21 and 22. The
greater forces produced by the CAPA foot translated to the ground reaction forces in Figure 20. Unlike the
experiment 1 CAPA foot without pretension, the experiment 2 CAPA foot with pretension begins storing
energy right at heel strike when the foot is in plantar flexion. The ground reaction forces of the CAPA
foot with pretension have greater braking and push-off forces that are more similar to the intact ankle-foot.
56
The roll over shape radius of curvature and the length of the shape in front of the ankle marker improved
as shown in Table 9. One major benefit of the pretension version is greater stability while standing. The
pretension helps prevent the individual from rolling forward.
While the major increase in dorsiflexion stiffness through pretension increased the sagittal plane
ground reaction forces, smaller increases in stiffness did not have a big effect on the ground reaction forces
or the ankle angles. However, pretension and increases in stiffness improved the roll over shape by increasing
the radius of curvature and the length of the shape in front of the ankle marker in Table 9.
The last comparison was the small-radius-long-moment-arm versus the large-radius-short-moment-
arm. The CAPA-foot-large-radius bended less in dorsiflexion as shown in Figure 18. As a result, the
forces produced by the CAPA-foot-small-radius and CAPA-foot-large-radius in Figure 21 were similar even
though the CAPA-foot-large-radius had a larger rotational stiffness because of the shorter moment arm. The
ground reaction forces for the CAPA-foot-small-radius were greater than the large radius version. However,
participants in the study tended to prefer the large radius version over the small radius version.
6.2 Customizable
One of the biggest differences between the CAPA foot and existing prostheses is the ability of the
CAPA foot to be easy personalized for every individual, speed, and application. The application of 3D print-
ing to make the components opens up a world of options that could meet the preference of every individual
like weight, width, and component geometries. While traditional prostheses have been designed to be as
light as possible, this thesis shows that not all individuals prefer a lighter prosthesis, usually referencing
the way the prosthesis swings as the reason. These findings experimentally confirm the results of simula-
tions performed by Tsai and Mansour [63]. All participants had an opinion with regard to the weight of
the prosthesis, but the opinion varied, indicating weight customization may be a useful characteristic of an
ankle-foot prosthesis. The springs can be easily replaced with the same foot to provide different stiffnesses
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for dorsiflexion, plantar flexion, and different walking speeds and body weights. Section 3.3.3.1 elaborates
on the effect of speed and body weight on stiffness.
The CAPA foot also has the mathematical model to support customization. Determining the angular
stiffness of an ESAR foot requires experimental testing after the foot has been made [64], making personal-
ization difficult and requiring the entire foot to be remade for a different angular stiffness. The CAPA foot
design can be altered according to the desired roll over shape, an important characteristic of human gait.
The same degree of personalization is not possible with existing passive designs.
6.3 Limitations
The first limitation is the use of the prosthetic simulator. Aspects of the simulator such as the
presence of the able-bodied subject’s lower limb, an asymmetric knee height, and wiggle in the simulator
could have affected the results. Because a simulator was used, information that would be important to the
quality of the prosthesis such as socket forces were not gathered.
While we know that speed and body weight are considerations in the stiffness of a human ankle,
the same stiffnesses were used for the entire experiment. All subjects had an intact foot size larger than all
the ankle-foot prostheses used in this study. There are many commercial ESAR feet and the Renegade R AT
may not be representative of all possible types.
The mathematical model has limitations as well. Assumptions were made that impact the accuracy
of the model as shown in Figure 25. While the model is reasonably accurate at predicting general trends,
it is poor at predicting individual points. It also requires some experimental data for the angular rotation of
the shank and vertical forces.
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CHAPTER 7: CONCLUSIONS
Overall the CAPA foot preformed well in comparison with the SACH foot and an exemplary ESAR
foot. The ankle angles and push-off forces of the CAPA foot were more similar to an intact ankle-foot
than either the SACH foot or the ESAR foot across both experiments, presenting a solution to the design
problem explained in section 2.3. Nine out of ten able-bodied participants in the study preferred the CAPA
foot over the existing prosthetics. The CAPA foot can be easily customized to the individual, unlike the
existing prosthetics. However, individuals wearing the CAPA foot spent more time in heel strike plantar
flexion than an able-bodied individual. This could have caused the individual to prematurely lift their leg
and be the source of some of the discrepancies between the gait of the able-bodied individual and the gait of
the individual wearing the CAPA foot with a prosthetic simulator. Since the same observations were made
about the other ankle-foot prostheses used with the prosthetic simulator, this effect could be due the use of
the simulator.
Additionally, it was found that the roll over shape of the individual wearing the CAPA foot could be
experimentally predicted. The concept of roll over shape based design that originated with Hansen [6] has
been hard to apply to the design of prostheses because of difficulties predicting the roll over shape. Mah-
moodi et al. predicted the roll over shape of the SACH foot and ESAR foot using finite element analysis [65].
The concept has also been used to develop a control mechanism for a powered transfemoral prosthesis dur-
ing stance phase [66]. This thesis demonstrates that the same concept of roll over shape based design can be
applied to the CAPA foot in a manner that is simpler than finite element analysis or a powered transfemoral
prosthesis. The changes in the calculated roll over shapes reflect that of the experimental roll over shapes.
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For commercialization of the CAPA foot, more advanced additive manufacturing techniques can be
explored to improve the strength of the components and optimize the weight. As opposed to painting rubber
on the bottom, a slab of rubber or another more durable method could be used for adding traction. The
shapes of the components themselves can be rounded and changed for visual appeal. A casing can be placed
around the CAPA foot such that the underlying mechanism is preserved.
It is envisioned that each individual could have one CAPA foot that is made according to the roll
over shape it will produce during gait. The springs on the CAPA foot can be replaced if desired for different
speeds and applications. Practical considerations such as adding a shoe will need to be considered. Five
subjects commented that the stability provided by the width of the CAPA foot was a major reason for
preferring the CAPA foot over the existing prostheses. To fit the CAPA foot in a shoe, it may be necessary
to either increase the width of the shoe or decrease the width of the CAPA foot. Neither option is ideal, but
both are possible. Also, some shoes may limit the range of motion of the CAPA foot, and therefore, the
ground reaction forces and the roll over shape. In this case, the stiffer springs can be used so that the CAPA
foot still provides adequate forces and roll over shape arc length.
This work shows that the CAPA foot has potential to provide individuals with amputation an ankle-
foot prosthesis that better mimics an able-bodied gait. However, future work with individuals with amputa-
tion as opposed to able-bodied individuals wearing a prosthetic simulator is necessary to refine the design,
ensure the CAPA foot does not experience extended time in heel strike plantar flexion, and address practical
considerations. Another study can be preformed looking at the CAPA foot during sloped walking. In addi-
tion, the fact that the CAPA foot can be quickly customized means that the effects of changing characteristics
of ankle-foot prostheses such as the roll over shape can be easily studied.
For this study, the author designs and tests an ankle-foot prosthesis that is different from existing
prostheses in design and functionality. By providing a linear relationship between ankle angle and force, the
CAPA foot shows improvement from existing prosthetics that simultaneously better mimics the the ankle
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angles and ground reaction forces of an able-bodied individual. Versions of the CAPA foot are explored
to find that pretension and increased stiffness improve the design. A mathematical model was created to
predict the roll over shape and was used to successfully demonstrate and validate the concept of roll over
shape design. The assumption that a lighter prostheses is inherently better is challenged and it was found
that a wider prostheses may increase stability. The CAPA foot shows commercial viability and could be
used for research purposes to more easily compare different qualities of a prosthesis. The characteristics
of the CAPA foot design that cause it to better mimic a able-bodied gait can be applied to other ankle-foot
prosthesis
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APPENDIX B: TOE ANGLES
Figure B.1: Experiment 1 Toe Angles Subjects 1-5. The shaded error bars represent one standard error
between steps for each subject. Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff; subject
4 CAPA-foot-large-radius-compliant; and subject 5 SACH foot with weight and CAPA-foot-large-radius-
stiff were removed because of difficulties post-processing the data.
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Figure B.2: Experiment 2 Toe Angles Subjects 6-10. The shaded error bars represent one standard error
between steps for each subject. Subject 7 Renegade with weight, CAPA-foot-small-radius-stiff, and CAPA-
foot-large-radius were removed because of difficulties post-processing the data.
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APPENDIX C: ANKLE ANGLES
Figure C.1: Experiment 1 Ankle Angles Subjects 1-5. The shaded error bars represent one standard error
between steps for each subject. Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff; subject
4 CAPA-foot-large-radius-compliant; and subject 5 SACH foot with weight and CAPA-foot-large-radius-
stiff were removed because of difficulties post-processing the data.
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Figure C.2: Experiment 2 Ankle Angles Subjects 6-10. The shaded error bars represent one standard
error between steps for each subject. Subject 7 Renegade with weight, CAPA-foot-small-radius-stiff, and
CAPA-foot-large-radius, and subject 10 SACH foot without weight were removed because of difficulties
post-processing the data.
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APPENDIX D: SHANK ANGLES
Figure D.1: Experiment 1 Shank Angles Subjects 1-5. The shaded error bars represent one standard error
between steps for each subject. Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff were
removed because of difficulties post-processing the data.
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Figure D.2: Experiment 2 Shank Angles Subjects 6-10. The shaded error bars represent one standard error
between steps for each subject. Subject 7 Renegade with weight and CAPA-foot-small-radius-stiff were
removed because of difficulties post-processing the data.
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APPENDIX E: VERTICAL GROUND REACTION FORCES
Figure E.1: Experiment 1 Vertical Ground Reaction Forces Subjects 1-5. The shaded error bars represent
one standard error between steps for each subject. Subject 1 SACH foot with weight and CAPA-foot-large-
radius-stiff were removed because of difficulties post-processing the data.
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Figure E.2: Experiment 2 Vertical Ground Reaction Forces Subjects 6-10. The shaded error bars represent
one standard error between steps for each subject. Subject 7 Renegade with weight was removed because
of difficulties post-processing the data.
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APPENDIX F: SAGITTAL PLANE GROUND REACTION FORCES
Figure F.1: Experiment 1 Sagittal Plane Ground Reaction Forces Subjects 1-5. The shaded error bars
represent one standard error between steps for each subject. Subject 1 SACH foot with weight and CAPA-
foot-large-radius-stiff were removed because of difficulties post-processing the data.
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Figure F.2: Experiment 2 Sagittal Plane Ground Reaction Forces Subjects 6-10. The shaded error bars
represent one standard error between steps for each subject. Subject 7 Renegade with weight was removed
because of difficulties post-processing the data.
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APPENDIX G: VERTICAL GROUND REACTION FORCES PRODUCED BY CAPA FOOT
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Figure G.1: Vertical component of ground reaction forces produced by each CAPA foot during experiment
1. Because the model is only valid during stance phase, the model is cut off when the vertical forces are less
than 25% body weight. Subject 1 SACH foot with weight and CAPA-foot-large-radius-stiff were removed
because of difficulties post-processing the data.
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Figure G.2: Vertical component of ground reaction forces produced by each CAPA foot during experiment
2. Because the model is only valid during stance phase, the model is cut off when the vertical forces
are less than 25% body weight. subject 6 CAPA-foot-small-radius-stiff; subject 7 Renegade with weight
and CAPA-foot-small-radius-stiff; and subject 9 CAPA-foot-small-radius-stiff were removed because of
difficulties post-processing the data.
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APPENDIX H: INDIVIDUAL SUBJECT DIFFICULTY LEVEL RATING
Table H.1: Experiment 1 Individual Subject Difficulty Level Ratings
Subject 1 Subject 2 Subject 3 Subject 4 Subject 5
SACH foot 4.5 2 2 3 4
SACH foot with weight 4 2.5 2 2 3
Renegade R AT 4 3 4 2.5 3
Renegade R AT with weight 3 2.5 4 3 2
CAPA Small Radius Compliant 2.75 2 1 2 3
CAPA Small Radius Stiff 3 2 3 2.5 2.75
CAPA Large Radius Compliant 3 3 1 2.5 1.3
CAPA Large Radius Stiff 2.75 2 1 2 1.4
Table H.2: Experiment 2 Individual Subject Difficulty Level Ratings
Subject 6 Subject 7 Subject 8 Subject 9 Subject 10
SACH foot 2 2 3 3.5 4
SACH foot with weight 1 2 4 4 4
Renegade R AT 3 4 5 4 4
Renegade R AT with weight 2 3 4 4 5
CAPA Small Radius Compliant 2 2 2 2 4
CAPA Small Radius Stiff 2 2 1 3 3.5
CAPA Large Radius Compliant 3 2 3 4 3
CAPA Large Radius Stiff 3 2 2 3 2.5
81
APPENDIX I: STEP TIME
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Figure I.1: Average mode step time between subjects for trials with an ankle-foot prosthesis. The mode
average mode step time for the right is shown in blue and the left in orange. The bars represent SACH
Foot No Weight (SACHNW), SACH Foot With Weight (SACHW), Renegade R  AT No Weight (ESRNW),
Renegade R  ATWithWeight (ESRW), CAPA-foot-small-radius-compliant (CAPASRC), CAPA-foot-small-
radius-stiff (CAPASRS), CAPA-foot-large-radius-compliant (CAPALRC), and CAPA-foot-large-radius-
stiff (CAPALRS)
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